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1. Introduction and notation 


The Two-Higgs-Doublet model (2HDM) [1, 2] is of great interest since it provides a simple 
framework for additional CP violation [3], beyond that of the Standard Model, and may thus facil¬ 
itate baryogenesis [4]. On the other hand, the data on the Higgs particle point to Standard-Model 
(SM) couplings (for a review, see [5]), so it is not clear if Nature is making use of this mechanism. 
We shall here review some quantities which can be explored in order to identify and quantify CP 
violation in this model, and point out that CP violation is still possible. 

The scalar potential of the 2HDM shall be parametrized in the standard fashion: 


P(d>i,<I> 2 ) = -^|nin<I>|d>i+m^ 2 ‘J’ 2 ‘*’ 2 + m? 2 ^|<I> 2 -PH.c. | 

+ ^ (<I>;d>i )2 + ^ + As (<I>1<I>1) (<I>^<I>2) + A4(<I>Id>2) ) 

+ ^ [A5(d>|<I>2)^+H.C.] +|[A6(<I>!d>l)+A7(<I>2^2)] (<I>1<J>2 )+H.c.} 




( 1 . 1 ) 

(1.2) 


CP violation may be introduced by taking at least two of the parameters mj 2 , Aj, Ag, and Ay com¬ 
plex. The doublet fields are decomposed as 




<pi 


i^’J + 'Hi + ^Xj)/ 


7 = 1 , 2 . 


(1.3) 


where in a CP-violating theory the physical neutral states can be expressed as linear combinations 
of the rji and T ]2 on the one hand, with rjj on the other: 




(1.4) 


where 773 = — sinj3;^i -|-cosj 8 ;t ;2 with tanj3 = V 2 /V 1 and /? is a rotation matrix diagonalizing the 
mass-squared matrix 

^ ^ diag(Mf ,M|,M|), (1.5) 

and parametrized e.g. in terms of three rotation angles a, as [ 6 ] 


R = 


^ C\C2 

-(Cl 52.^3+.SIC 3 ) 
Y -Ci52C3+.S'iS3 


Si C2 S2 

C\C-i-S\S2S-i C2S3 
-(ciS3-hSi52C3) C 2 C 3 


(1.6) 


with Ci = cos a,-, Sj = sina,. Note that there is considerable freedom in presenting the potential, 
e.g., one can perform U (2) rotations on the two doublets, without changing the physics. 
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2. Spontaneous vs explicit CP violation 


The presence of CP violation can be determined by investigating parameters of the potential, 
and vacuum expectation values (vevs) of the scalar fields. The latter will be parametrized as follows 






(2.1) 


with V = 246 GeV. Then, in order to break CP, at least one of following three invariants^ has to be 
non-zero [7, 8 , 9, 10]: 


Im/i = , ( 2 . 2 a) 

Im72 = [vlv*sYbeycf2eafdVaVci\ , (2.2b) 

Im/a = Im [vin2['^z[^jz,,^^VaVd \, ( 2 . 2 c) 

where = SbcZ^b^j. In the following we will discuss a model defined by fhe facf fhaf fhere 
exisfs a weak basis such fhaf Ae = Ay = 0 , and vevs are real (we shall refer fo Ibis model as fhe 
“2HDM5”). Then if fums ouf fhaf all fhree invarianfs are proportional fo Im A 5 . 

Sponfaneous CP violafion refers fo fhe sifuafion when a suifable U (2) Iransformalion can bring 
fhe pofenfial info a real form, leaving one vev complex. The following sef of invarianfs can be used 
fo distinguish befween sponfaneous and explicif CP violafion [11, 10]: 


/y3z = Im[z(‘)z;i)z,,,,-T,,], 

(2.3a) 

hriz = Im , 

(2.3b) 

hY3Z = Im ^Z^^i^jZcedgZ'ehfqYgaYbbY^^^ , 

(2.3c) 

hz = Im \Z^i,^jZj^jZ^^jlZj-gjj^Zj^pjjf^Z„mhc\ ■ 

(2.3d) 


If all of fhese vanish, whereas af leasf one of fhe Im 7, is non-zero, fhen fhere is sponfaneous CP 
violafion. On fhe ofher hand, if af leasf one of fhem is non-zero, fhe CP violafion is explicif. 

In fhe 2HDM5 fwo of fhese invarianfs are acfually zero. Then fhe condifions for sponfaneous 
CP-violafion can be expressed as follows [12] 

• SCPVl: 

T^RcAj—-|-(ImA 5 )^ = 0 (orequivalenfly Im [(nii 2 )^A 5 *] = 0) (2.4) 

• SCPV2: 

Ai=A 2 , Ai = A 3 -h A 4 -|-Re A 5 — 2^ (or equivalenfly Ai = A 2 , = ^ 22 ), (2.5) 

'These are invariant under the U (2) transformations mentioned in section 1. 
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where the terminology SCPVl and SCPV2 distinguishes these two cases. Here, we introduce the 
abbreviation = Re mj 2 V^/( 2 viV 2 ). 

For Ml = 125 GeV, M 2 = 250 GeV, jx = 300 GeV, Mh± = 600 GeV, and two values of tanj3, 
we show in Fig. 1 where these conditions are satisfied, and also where CP is conserved. More 
illustrations of this kind can be found in Ref. [12]. Note that in this “simple” (2HDM5) model, 
with Xe = X-] = 0, only one quadrant in the a 2 -C (3 space is accessible, either a 2 < 0 or a 2 > 0 [13]. 



'-1.5-1.0-0.5 0.0 0.5 1.0 1.5 '-1.5-1.0-0.5 0.0 0.5 1.0 1.5 “2 


Figure 1: Illustration of locations in the aa-a-i space where spontaneous CP violation occurs. Two values 
of tanjS (top: tanjS = 2, bottom: tanjS = 5), and two values of ai are considered (left: ai = — 7r/6, right: 

= +n/6). White: mathematically inconsistent; Yellow: explicit CP violation; pink: positivity violated; 
cyan: global-minimum condition violated. Red curves correspond to parameters that satisfy the SCPVl 
condition, (2.4), while red dots satisfy the SCPV2 condition, (2.5). Both of these indicate spontaneous CP 
violation. Green lines and dots indicate locations of CP conservation. 


3. Physical measures of CP violation 


We shall now discuss how to access the quantities (2.2) experimentally. It has been found that 
they can be related to the masses of the neutral Higgs bosons, as well as two coupling constants 
[7, 8 , 14]. In the general case of non-zero Ae and Ay, but in a basis with <^ = (§2 — i§i = 0 (see 
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Eq. (1.3)), these required couplings are: 

ei = v\Rii+V2Ri2, 

qi = Coefficient(l/,//,//-//+) 

Ri2V\+Ri\V2__2 , 
— M + 

V1V2 


(3.1) 


gi ..2 , Ri2v\ . 

Mf + -Im A 5 


v2viV2 


2 viV 2 


+ 


{Ri2V\-Ri\V2) 


2 v 2 


Re Ae — 


(R/2V1 -RilV2) 


2 v? 


ReAv 


(3.2) 


The quantity e, describes the coupling of a neutral Higgs Hi to two Z bosons, or to two W bosons. 
It also describes the coupling of two neutral Higgs particles Hj and to a Z boson, with i / 
j ^ k ^ i, and occurs in several other vertices, see [14] for details. The quantity qi represents the 
bilinear coupling. Furthermore, Mh± refers to the charged-Higgs mass and we have also 

introduced the abbreviation 

gi^v\Ri2 + V2Ri\. (3.3) 

The quantities (2.2) can then be expressed as [14] 


1 

Im/i = ^ 


Im72 = 


Im/ao = 



qi 

q 3 

ei 

62 

^3 

e\Ml 

e2M2 

62,MI 

ei 

62 

es 

eiM] 

62MI 

63M2 

e\M\ 

62M\ 


e\ 

ei 

^3 


qi 

q 3 

qiM] 

qiMl 

q^Ml 


(3.4) 


(3.5) 


(3.6) 


In this form, it is easy to see when any one of them vanishes: two rows or two columns must be 
proportional. If any one of the Im/i, Im 72 or Im 73 o is non-zero, we have CP violation. Whether it 
is spontaneous or explicit, would be determined by the quantities of Eq. (2.3). 

4. CP-violating ZZZ vertex 


There are various ways in which one could imagine measuring the quantities (3.4)-(3.6) [14]. 
Perhaps the simplest one would be to determine a non-zero and CP-violating contribution to the 
ZZZ coupling. Another would be the ZWW coupling [15]. Such couplings are induced in this 
model, at the one-loop level, and would be proportional to Im 72 - A characteristic Feynman diagram 
for the ZZZ case is shown in Fig. 2. 

In the case when two Z bosons (Z 2 and Z 3 ) are on-shell, the conventional paramebization of 
this vertex [16, 17] is rather simple: 


ZZZ ^2 




(4.1) 
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Figure 2: Feynman diagram related to Im72- 


Here, the form factor represents CP violation, whereas /j represents CP conservation. In the 
present model, is directly proportional to Im 72 ^ which again is proportional to e 162 ^ 3 , whereas 
/s gets an SM contribution from fermion loops etc. 

Now, Im 72 . and hence this form factor, will depend on the mixing angles of the neutral sector 
via the product 61 ^ 2 ^ 3 . Recent studies constrain the mixing of the CP-even sector (represented by 
T]i and r\ 2 ) with the CP-odd one (represented by 173 ) [18, 19]. Allowed values of exeie-ijv^ are 
of the order of ^( 0 . 01 ), leading to a prediction for (for masses M 2 and Mfj± of the order of 
300-600 GeV) of the order of 10^^. Current experimental bounds on I/ 4 I are of the order of 10^^ 
[ 20 , 21 ], so no imminent discovery can be foreseen. 

5. The//iSM (alignment) limit 

The LHC data show that the observed Higgs boson is SM-like. In particular, the coupling 
of the observed Higgs particle (which we identify with Hi ) to vector bosons is very close to the 
SM-value, meaning 

ei/v = cosa 2 Cos(ai — j3) ~ 1 , (5.1) 

or 

«! = j 8 , and a 2 = 0. (5.2) 

As an illustration, in the simplified model (2HDM5), and for some specific values of tanjS and 
the mass parameters, only the green regions in Fig. 3 are compatible with LHC data.^ 

Since we must have 

ei+e2 + ej=v^, (5.3) 

it follows that 

^2 ^ £3 ^ 0. (5.4) 

We refer to this limit as the //iSM (or alignment) limit. 

^Allowing for Ag and A 7 being non-zero, more of this region around the point (5.2) will be allowed, but it is still 
confined to small “radii” [14]. 
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Figure 3: The //iSM (alignment) limit: Allowed regions in the ai-a 2 plane for the simplified model with 
X(, — Xi=Q. 

It is clear from Eqs. (3.4)-(3.5) that in this case, we have Im7i ~ Im 72 — 0. However, there 
is still the possibility that Im 73 o might be non-zero, representing CP-violation in the scalar sector 
[14]. In this limit, (3.6) simplifies to 

Im730 = {Ml -Ml), (5.5) 

with Cl = V. For this to be non-zero, we must have q2 / 0, ^3 / 0, as well as M 3 / M 2 . The first 
of these conditions means that the two heavier Higgs bosons, H 2 and Hi,, must both have tree-level 
couplings to . Note that this is indeed not possible in the CP-conserving theory, where the 

pseudoscalar A does not couple to . 

In the simplified 2HDM5 model, in general q 2 and ^3 are bofh non-zero. However, in that 
model, when a 2 —)■ 0, then also M 3 —)• M 2 [13, 14]. This leads to the important conclusion that in 
order to have CP violation in the //jSM (alignment) limit, we must abolish the 2HDM5 and have 

Ae / 0, and/or Ay / 0. (5.6) 

Then, we would have 

Im7i=0, Im 72 = 0, Im 73 o/ 0 . (5.7) 

In order to discover CP violation in (or near) the //iSM (or alignment) limit one is forced 
to look for observables which are oc Im 73 o. As discussed in Ref. [14], the tree-level Feynman 
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diagram for Z — H 2 HJ, —leads to an amplitude proportional to Im73o, as does 
the loop diagram eorresponding to Z —> , obtained from elosing the former tree diagram by 

eonneeting an //+ to an H . It would be ehallenging to aeeess these vertiees experimentally. 

6. Summary 

We have reviewed some issues relevant for CP violation within the 2HDM: 

• We have illustrated how, in the parameter spaee, spontaneous CP violation takes plaee on 
manifolds that are adjaeent to where we have explieit CP violation. At points of spontaneous 
CP violation, the global minumum of the potential is not unique, but we have two minima of 
the same depth. In regions of explieit CP violation, the global minimum of the potential is 
unique, meaning that either there is only one minumum, or there exist two minma of unequal 
depth. 

• We review the relationship between invariants defining CP violation and physieal eoupling 
eonstants involving the three neutral Higgs bosons. All three are neeessarily involved. 

• Perhaps the “simplest” eonsequenee of CP violation would be the induetion of a ZZZ vertex. 
However, this is very eonstrained by the LHC Higgs data that show the SM nature of the 
Higgs boson. 

• Even in the alignment limit, there eould still be CP violation in this model, but then Ae 
and/or Ay would have to be non-zero. This effeet would show up in effeetive vertiees where 
a Z boson is eoupled (via neutral Higgs bosons) to two or four eharged Higgs bosons. 
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